Real-world whole-body vibration exposures comprise motion in fore-aft, lateral and vertical directions simultaneously. There can also be components of roll, pitch and yaw.
INTRODUCTION
Most whole-body vibration exposures comprise vibration in multiple axes and with complex signals. Methods defined in ISO 2631 ISO -1 (1997 provide techniques by which such complex multi-axis stimuli can be condensed into single values and these can be used to provide a qualitative indication of the expected comfort and perception. Multifrequency and multi-directional vibration is considered by the use of frequency weightings and multiplying factors whereby the relative contribution of vibration at different frequencies is modelled dependent on the direction of the vibration (Rimell et al. 2007) . The same frequency-model is used irrespective of vibration magnitude, vibration waveform or application for the assessment (e.g. for prediction of subjective or health effects). Consideration of multi-axis vibration is achieved by either selecting the most severe axis of vibration (for health effects) or summing the vibration in each direction, usually using a root sum-of-squares (r.s.s.) technique.
Almost all previous laboratory work considering the subjective response of the seated human to whole-body vibration has been completed using single-axis vibration generation systems. Whilst such an approach is attractive in terms of cost, simplicity and the ease of carefully controlling the stimuli to which subjects are exposed, it is not representative of environments in which individuals are exposed to vibration. Whilst these studies allowed for understanding of the fundamentals of human response to vibration, validation in multi-axis environments is scarce in the literature. Studies on the subjective response to vibration which have considered multi-axis vibration have usually only considered two axes of vibration at any one time, have only considered single frequency vibration (sinusoids), and have generally used the method of adjustment psychophysical method (e.g. Griffin and Whitham, 1977; Fairley and Griffin, 1988; Shoenberger, 1987; Shoenberger 1988; Mistrot et al. 1990; Griefahn and Brode, 1999; Mansfield and Maeda, 2005; Forta et al. 2008) . The methods for evaluating the subjective response of the seated person to complex multi-axis stimuli still require validation such that the boundaries of their applicability can be established. This paper reports an experiment with the aim of providing evidence to validate the methods specified in ISO 2631-1 by using a magnitude estimation protocol for broadband single-axis, dual-axis and tri-axial vibration (e.g. Verillo, et al., 1969 , Stevens, 1975 .
II. METHODS
An experiment was performed in order to investigate the subjective response of subjects to multi-axis vibration. Fifteen subjects participated in the experiment.
Subjects were all male and had a mean age of 24.5 years (s.d. 4.0 years), a mean stature of 171 cm (s.d. 5.8 cm) and a mean weight of 64.3 kg (s.d. 8.9 kg). Vibration was generated using a 6 degree-of-freedom multi-axis shaker, driven by seven electrodynamic actuators and measured using a Brüel and Kjaer 4326A triaxial accelerometer amplified using a Nexus charge amplifier. Acceleration signals were acquired to computer at 512 samples per second via anti-aliasing filters set at 170 Hz.
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Cross-talk between measurements of vibration in orthogonal axes consists of the true cross-talk (i.e. unwanted vibration in directions other than that being tested), cross-axis response of the accelerometers, accelerometer misalignment errors, and background noise in the system and was less than 5% ( Figure 1) . vibration in each pair of orthogonal axes. Tri-axial vibration was generated using combinations of 0.2, 0.4 and 0.8 ms -2 r.m.s. in each direction. Each stimulus lasted 10 seconds typical of longer stimuli for whole-body vibration perception studies (Griffin, 1990 ). Stimuli were separated by a 5-second pause during which they gave subjective responses. Stimuli are summarised in Table 1 and were presented in a balanced random order to mitigate the effects of fatigue. Table 1 about here
The dependent variable for the experiment was a subjective rating of vibration magnitude. Subjects were required to perform a magnitude estimation task according to the following instructions based on Stevens (1975) :
"You will be presented with a series of vibration stimuli in irregular order.
Your task is to tell how intense they seem by assigning numbers to them.
Call the first stimulus any number that seems appropriate to you. Then assign successive numbers in such a way that they reflect your subjective impression. There is no limit to the range of numbers that you may use. You may use whole numbers, decimals or fractions. Try to make each number match the intensity of vibration as you perceive it."
Each subject's individual responses were normalised by dividing by the geometric mean of all of their responses to enable comparison between subjects using different ranges of numerical values. The experiment was approved by the Research Ethic Committee of the National Institute of Industrial Health, Kawasaki, Japan.
III. RESULTS
As expected, subjective ratings of vibration intensity generally increased with each increase in vibration magnitude (Figure 3 ). Similar normalised ratings were obtained for each direction of vibration at 0.2, 0.4, and 0.8 ms -2 r.m.s. (p = 0.85, 0.93, 0.53 respectively, Friedman).
Figure 3 about here
For dual-axis vibration subjective ratings of intensity were significantly greater for the x-z vibration (median 1.07) than for the x-y ratings (median 0.91; p < 0.005, Wilcoxon) and the y-z ratings (median 0.96; p < 0.05) ( Figure 4 ). Differences were not significant between the x-y and y-z ratings (p = 0.096). Subjective ratings measured using dualaxis vibration were significantly greater than subjective ratings measured for any component part of the vibration (p < 0.05 or p < 0.005, Wilcoxon): e.g. ratings for dualaxis 0.4 ms -2 x-y vibration were greater than single-axis ratings for 0.4 ms -2 in either the x-or y-axis. 
IV. DISCUSSION
The responses reported here were based on the mean of three repeats. The mean coefficient of variation for the 27 conditions over all subjects was 26%, demonstrating subject reliability. Any underlying fatigue effects were minimised through the balanced randomised order of presentation of stimuli.
ISO 2631-1 provides guidance on the method of assessing vibration occurring simultaneously in more than on axis. It states that vibration magnitudes in each component axis should be combined using the method of r.s.s. summation. This study has validated that general approach, showing r.s.s. summation of responses to singleaxis vibration predict the response to the equivalent multi-axis stimulus ( Figure 6 ).
However, these data do not support the use of frequency weightings and multiplying factors as suggested in ISO 2631-1. If the standard frequency weightings were appropriate then subjective ratings for the x-and y-single-axis stimuli should have been rated as less intense than the z-single-axis stimuli and the dual-axis x-y stimuli should have been rated as less intense than the dual-axis stimuli containing vertical motion. In this experiment, frequency weighting the data caused a divergence in the results (Figure 7) . These results should be interpreted with caution, as the frequency content of the vibration stimuli were band-limited random and other stimuli with different frequency content could produce different sensations of discomfort. In order to compensate for the differences in the subjective ratings in comparison to the weighted values, multiplying factors could be applied to increase the weighting for x-and y-axis vibration.
Figure 7 about here
Using random vibration stimuli with similar spectra to those used here, but using a category rating scale method, Maeda and Mansfield (2005) showed nominally identical relative ratings of vibration magnitude for vibration in single-axes but occurring in different directions. It was demonstrated that the ISO 2631-1 frequency weighting filters caused a divergence of predicted and measured subjective ratings compared to using unweighted vibration, rather than convergence as would be expected. Despite using different methods, the results parallel those reported here. Using sinusoidal vibration and an intensity matching method, Griefahn and Bröde (1999) also concluded that ISO 2631-1 relatively underestimates the discomfort caused by horizontal vibration. Marjanen et al. (2010) used a cross-modal matching method to determine the relative contribution of translational and rotational vibration to discomfort for subjects sitting in a vehicle seat and showed that the best agreement between subjective responses and vibration magnitudes occurred with multiplying factors of 2.7 (x) and 1.8 (y).
The best combination of multiplying factors for frequency-weighted x-and y-axis vibration was determined by fixing the vertical factor to 1.0 and calculating correlation coefficients for all combinations of multiplying factors for x-and y-vibration. These data showed that the best agreement occurred for an x-factor of 2.2 and y-factor of 2.4 ( Figure 8 ). Correlation was better for multiplying factors suggested by Marjanen than for the ISO 2631-1 factors of 1.4 (x, y) and 1.0 (z). It is recommended that further work is completed in order to provide additional evidence of multiplying factors that should be used to determine subjective responses to multiaxis vibration.
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V. CONCLUSIONS
An experiment has been conducted with the aim of validating the methods for assessing the subjective effects of multi-axis vibration as defined in ISO 2631-1.
Similar results were obtained for subjective ratings of random vibration band limited at 1 and 20 Hz in the x-, y-, and z-axes at each of three magnitudes of vibration. An r.s.s. 
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